Summary. The pattern of spermatogenesis was studied during an annual reprodutive cycle in adult male brown trout. The part of the testicular volume occupied by the nuclei of germ cells and of Sertoli cells, the lobular lumen and the extra-lobular space were measured. The number of germ cells was estimated by the total volume occupied by each cell divided by the individual volume of each cell. The permanent number of spermatogonia A (spermatogonia isolated or in groups of 2) was about 50 million. Each GA cell produced several spermatogenetic waves during the same reprodutive cycle. Sperm production was about 25 x 109/g of testis/year, or about 6.8 • 107/g of body weight/year.
number of cysts and their cells, cannot be applied to salmonids because it is difficult to identify the cysts. The technique used in higher vertebrates, based on counting the number of cells per tubule sections, is onerous to apply to fish because the sections of branched seminiferous tubules are heterogenous in form and diameter. Therefore, when using this technique, sections of the same size must be studied (Billard, unpublished) .
Another technique for quantitative analysis, based on an estimate of the volume of the testicular cells and using an ocular integrator, has been developed for studying spermatogenesis in the goldfish ). This method was employed in the present work, after correction, on the pattern of spermatogenesis in the brown trout during an annual reproductive cycle in which we tried to estimate the number of germ cells in the testis.
Materials and methods
In this investigation, we sampled brood fish monthly between April 1969 and February 1970 ; the sexes were raised separately on a private fish-farm in Normandy (Pisciculture de la Bigotti6re) . This population has a relatively late period of reproduction with an ovulatory peak in December. The males that we employed as experimental models had not been used for artificial insemination on the fish-farm.
As soon as they arrived at the laboratory, 5 to 10 males were anesthetized with 100 mg/1 of MS222, weighed and killed. When they were spermiating, sperm volume was measured and its concentration determined by using a Thoma counting chamber. The testes were weighed to the nearest mg and their volume was measured by water displacement. One fraction of the median part of the testis was fixed in Bouin-Holland solution for 2 days. The weight and volume of this piece was measured before embedding in paraffin. Histological sections of 5 ~tm were cut perpendicularly to the longitudinal axis of the testis and stained with hematoxylin orange-G and aniline blue.
Quantitative analysis was based on an estimation of the volume of the nuceli of the various cell types in the testis. The volume fraction, Vv, of a structure was obtained by measuring the average areal fraction, AA, determined on sections through a volume (Underwood 1970; Solari 1973) . The areal fraction was estimated by a point counting grid composed of 25 points. This grid was established by Henning and Meyer-Arendt (1963) and commercialized under the name of Zeiss I ocular integrator. We counted the nuclear structures in 60 microscopic fields (x 480) of 1 or 2 testicular sections per male (1,500 points) to obtain an estimate of the part of the surface occupied by the nuclear structure, A A and the volume Vv. The total volume, V, in the whole testis was then Vv x testicular volume. ~=ax _4
in which d= average diameter of all visible nuclei in sections. Measurement of the mean nuclear diameter permitted us to compute nuclear volume (v) and to estimate the total number of cells in the testis by the ratio V/v.
We measured the diameter of the following germ cells (see Table 1 ):
Spermatogonia A (GA): these cells were found isolated or in groups of 2. There seemed to be several types, including primordial germ ceils, but since we could not distinguish them, they were grouped together as G A.
Spermatogonia B (GB): these ceils were grouped together in cysts. Several generations of unknown number were found. Their nuclear diameter was less when the cyst was larger, i.e. when more division occurred. Cyst samples of all sizes were measured so that the value of the mean size obtained included all the generations of GB.
Spermatoeytes I and II, spermatids at all stages, and spermatozoa We also analyzed such somatic structures as the lumen of the lobule, including the space occupied by spermatozoa, cyst cells (Sertoli cells) and pyknotic structures identified in the tubules and spermatophages. A study of the extra-lobular space included nuclear and cytoplasmic volumes.
The tables and figures give the mean results with SD; analysis of variance was used for comparison of the gonadosomatic index (GSI) after log transformation of the data.
Results

Patterns of spermatogenesis during the annual reproductive cycle
Gonadosomatic index (GSI) and sperm production. Body and testicular weight as well as the volume and concentration of the sperm collected during spermiation are shown on Table 2 . When the testis was resting, gonadal weight was extremely low. The greatest weights, recorded in April, were due to spermatozoa from the previous cycle that remained in the testis and were being resorbed. Testicular weight increased considerably in September but the high variation accompanying the mean GSI (Fig. 1) showed that the onset of spermatogenesis was not strictly synchronous. The GSI was maximal in October but decreased significantly (P < 0.05) in November before spermiation began. It reached a new lower level again in February. The process of spermiation only began in December with all males producing sperm between December and February. This production per month (between 4 and 6 ml) until killing, was constant during that period, although the males were not sampled on the concentration of spermatozoa in the sperm decreased markedly (P< 0.01) ( Table 2) .
The changes in some somatic and structural components of the testis are shown in Fig. 1 . The size of the lobular lumen changed with the GSI; during the testicular resting stage (June to August), this lumen was practically non-existent. It increased with testicular activity and was very distended when the spermatozoa appeared, then augmented considerably again at the onset of spermiation. In January-February, spermatophages (Fig. 1 B) appeared. The cyst cells (equivalent to the Sertoli cells) also showed considerable phagocytic activity, and pyknotic structures appeared in the cytoplasm (Fig. 1 C) . The nuclear diameter of the cyst cells also increased, augmenting the volume occupied by the nuclear structures (Fig. 1 C) which then reached their highest levels. A study of the cytoplasmic and the nuclear structures of the interstitial tissue showed that the cytoplasmic varied more than the nuclear structures (Fig. 1 D) .
Analysis of numbers of germ cells (Table 2) indicated that the GA remained relatively constant throughout the cycle; GB were present in low numbers in April, May and June, multiplied actively in September-October and then disappeared in December. The temporal pattern of spermatocytes I was analogous. There were a few spermatids between June and August, an abundance in September-October, but none in December. Some spermatozoa from the previous cycle subsisted in the testes until May (see GSI) when they were gradually resorbed. Between September and December, the quantity of spermatozoa produced during the new cycle increased regularly. Spermiation began in December and the number of testicular spermatozoa remained stable during the next 2 months.
Sperm production, computed from the estimated number of germ cells per sample (Table 3) , was in all about 3.3 x 101~ spermatozoa/cycle or, if mean testicular weight between November and February was considered, about 2.5 x 10X~ of testis. Daily production was about 6.8 x 10 v spermatozoa/g of body weight over the year or 1.9 x 105/g of body weight/day. Weight of both testes without sperm; sperm volume given in the last column b Sperm density= 1.11 Table 3 . Estimate of the number of germ cells (106)/pair of testes at different months of the annual cycle, calculated from the total volume of the nuclear structures of each stage/nuclear volume of the corresponding stage ( " Including the spermatozoa recovered from the sperm ducts before killing the males (see Table 2 )
Discussion
A quantitative study of adult male spermatogenesis in the brown trout and its pattern during the reproductive cycle shows that the length of the entire process is relatively short. A large number of GB appear in August, and spermatozoa are present one month later. There are some abortive attempts to initiate spermatogenesis in May. Spermatogenetic activity is maximal in October; although the number of spermatozoa continues to increase in November, testicular weight and lobular lumen size decrease, probably due to elimination of the cytoplasm characteristic of spermiogenesis. In December, when the males are in spermiation, the volume of the lobular lumen increases, although testicular weight remains stable. This is probably due to the testicular hydration that usually accompanies the processes of sperm fluidification (Clemens et al. 1964 ). During maximal testicular activity, the interstitial space expands, as previously reported in the stickleback (Ruby and McMillan 1975) . It is difficult from a simple histological image to attribute this expansion to greater activity of the Leydig cells, but it could be possible because these cells have been reported in the interlobular space in rainbow trout (Billard et al. 1971 a; Hurk et al. 1978a, b) and in other salmonids Hoar and Nagahama 1978) , and circulating androgen levels are maximal at the end of spermatogenesis and during spermiation (Sanchez-Rodriguez et al. 1978; Billard et al. 1978 Billard et al. , 1982 Scott et al. 1980; Stuart-Kregor et al. 1981; Fostier et al. 1982; Hunt et al. 1982) . However, it has been reported that spermatogenesis is not always correlated with signs of Leydig cell activity (see Swarup and Srivastava 1978 for discussion), indicating that there may be other sources of androgen (Dood 1972) .
An estimate of the number of germ cells provides more information than the simple expression of their total volume in the testis, but the method is limited by chances for error owing to difficulty in determining the exact volume of each individual cell.
The mean sperm production computed here (2-3 x 10 l~ spermatozoa/g of testis) is about the same as that measured directly on mature males of the same species (Billard, unpublished data) . The rainbow trout has a slightly higher production (5.8 x 101~ Billard et al. 1971 b) and sperm measured in the Atlantic salmon reaches 5.5 • 10 l~ spermatozoa/g (Kasakov 1978 ). It is difficult to compare and validate these data owing to species differences and to variations in testicular weight, independent of the number of spermatozoa (see Tables 2, 3 and following discussion). If we accept the numerical data with a reasonable margin of error, some facts are evident. The mean number of GA permanently present in the testis is about 5 x 10 7. This number is clearly higher than the number of primordial germ cells (about 3000) counted before or during sex differentiation in the rainbow trout (Lebrun 1977; Lebrun et al. 1982 ) and the Atlantic salmon (Persov 1966) , indicating that intense multiplication occurs before puberty. Moreover, this number may change between puberty and the following reproductive cycles since sperm production is lower during the first cycle (Billard 1974) . It is also likely that the G A divide several times during spermatogenesis because, if one GA produced only one generation, 13 divisions would be implicated (cell increase from 5 • 107 to 3.3 • 1011) or 12 spermatogonial divisions, which would be impossible considering the small size of the cysts. Therefore, all or part of the G A must produce several waves in one season. However, for reasons that are still unclear, GA sometimes stop dividing. This arrest may be due to distension of the lobules by spermatozoa since after exogenous gonadotropic hormone supply at the end of spermatogenesis, new waves of spermatogenesis are initiated only after most of the spermatozoa of the lobules have been eliminated . Towards the end of spermatogenesis, the last waves seem to again end in the formation of spermatozoa because the number of spermatozoa continues to increase while GB, spermatocytes and spermatids are present. However, the number of spermatozoa does not increase in December while the testis still contains spermatids. In another study in the same species, Billard and Hill (unpublished data) clearly noted that the presence of spermatocytes and spermatids at the end of spermatogenesis was not related to the increase in the number of spermatozoa. We could not compute the yield of different stages because we lack information on the length of these stages.
While sperm production by the testis is high, the amount of sperm recovered was low (about 15 p. 100 of the total spermatozoal content of the testis) which is similar to the values reported with infrequent sampling in the rainbow trout (Billard et al. 1971) . The volume of sperm recovered does not increase between December and February, as if spermiation had stopped in December. On the other hand, the number of testicular spermatozoa remains stable during the same period although some spermatozoa are resorbed by and increased number of spermatophages in January and the cyst cells began phagocytosis at the same time. The process of resorption, already described in the rainbow trout (Billard et al. 1972; Billard et Takashima 1983) , also occurs in other species such as the stickleback, Eucalia inconstans (Ruby and Mc Millan 1970) . The decrease in gonadal weight observed between December and February may be due also to water loss supressing spermatozoal migration outside the testis, i.e. spermiation in December, which would explain the low spermatozoal release.
